It has always been of greatest importance to control the temperature distribution in the products throughout the hot strip rolling process including the final coiling operation. A computational model of the latter has been developed and validated, which is presented in this paper. Furthermore, the influences of the different parameters on the transient thermal distribution are evaluated. The formulated model as accounts for twodimensional heat conduction is assuming axi-symmetric conditions. Temperature dependent properties are accounted for results in a nonlinear heat conduction problem that is solved by use of the Finite Element Method (FEM). The calculations have been validated by two full scale measurement campaigns and show a good agreement with measurements.
Introduction
Hot rolled strips can obtain lengths between 500-2 000 m. They are winded up in a coiler after rolling. The coiled material immediately starts to cool from the initial temperature at 600-700°C down to steady state conditions at room temperature. This cooling process can take several days. The temperature evolution during the first hour is of most interest as it has greatest impact on the final mechanical properties. Due to that, relevant microstructure mechanisms like e.g. precipitation, dislocation recovery and solid solution strengthening are strongly dependent on thermally activated solid state diffusion and have great impacts on these properties. The dominant hardening effect is the diffusion controlled precipitation hardening for HSLA steel grades. Since the diffusion rate of the alloying elements has a strong thermal dependency it is of greatest importance to prevent regions of the coil to cool to fast. Under normal processing typically times up to 1 h is needed to establish a full hardening effect though depending on a number of parameters like coiling temperature or the geometric dimensions on the coil etc. as investigated by Zheng-dong et al. 1) The work presented in this paper is concerned with modelling the temperature distribution as function of time and position in the coils. To model the coil cooling process first it is crucial to determine the heat flux from the coil by an accurate description of the boundary conditions in order to predict the cooling rate. Secondly the grade specific temperature dependency of the thermal properties i.e. the thermal conductivity, specific heat and density must be accounted for. Thirdly and the most uncertain part is to model the radial conductivity due to the layered structure that has varying contact conditions between each layer. Imperfect contact between adjacent laps will reduce the heat flux in the radial direction. The imperfect contact is in a macroscopic level caused by oxide, dust and water present in upstream processes. Factors that on a microscopic level significantly influence the gap conductance are surface conditions like roughness and slope of asperities. Studies have been made by several research teams concerning this topic. Park et al.
2) included these effects via defining an equivalent unit contact conductance. Similar approach was used by Saboonchi et al. 3) for multi stacking of coils. Both investigations based their contact formulation on preliminary work performed by Mikic et al. 4) In this paper instead a model by Yovanovich et al. 5) is used which includes elastic-plastic deformation effects of the surface asperities.
The contact pressure is of importance for the heat transfer between the layers and is successively built up during the coiling operation as a result of the momentum in the coiler but is also continuously changed due to thermally induced stresses. In this model a simplified pressure distribution and macroscopic straight layers in the axial direction have been assumed. This is a simplification when compared with the work by Jung et al. 6) The pressure was estimated from literature data and further calibrated as described later in the paper, A numerical simulation model, which includes most of the factors above i.e. non-linear thermal material properties, well-defined boundary conditions and a detailed contact conductance model, has been developed and validated against measurements in two full scale coil cooling campaigns for coiled material with two different thicknesses. One used for adaption and the other one for predictions only.
Models and Numerical Implementation

Finite Element Formulation
The coiled strip is modelled as shown in Fig. 1 . Axisymmetric conditions are assumed in the problem formulation. Thus the coiled strip, looking from the top of the coil, does not look like a spiral but is made up of concentric circles. The two-dimensional transient heat conduction in cylindrical coordinates is then given by ......... (1) Where T is the temperature, k r and k z (W/m K) are the thermal conductivity in the spatial directions, r (kg/m 3 ) is the density and C p (J/kg K) the specific heat capacity. The axial conductivity is the conductivity of the steel whereas the radial conductivity accommodates the layered structure of the coil, further described below.
The boundary conditions are at the inner radius, with an outward normal in the negative radial direction, written as ........ (2) and at the outer radius with a positive directed outward normal ..... The initial temperature T 0 is a result of the previous process steps that are not part of the current model. Measured initial temperatures are used in this study. Finite element semidiscretisation of the above problem leads to 7) ... where K and C is the conductance and capacitance matrices resp. and F is the consistent load vector. The implicit Backward Euler Finite difference scheme is used for the time stepping. This leads to a nonlinear system of coupled equations that is solved by the Newton-Raphson method.
Radial Conductance Affected by Gap between
Rough Surfaces The layered structure makes this problem anisotropic where thermal conductivities in radial directions must account for contact zone properties as they act like thermal barriers. This is modelled by calculating element wise equivalent radial thermal conductivities based on the thicknesses and thermal conductivities of the contact zone and the steel strip respectively. Thus one element includes one half thickness of the steel layer, interface zone and half of the thickness of the other steel layer as depicted in the left half of Fig. 2 . Heat transfers across the interfacial zones inside the coil by conduction, radiation and convection. Conduction by direct contact is the dominant mechanism and therefore the two other mechanisms are neglected in this work based on further discussions elsewhere. 8) Also an influence of oxide is included since it always is present on hot rolled strip surfaces. The complete contact situation across one unit coiled structure is schematically described in Fig.  2 .
Then the thermal property of a unit layer described in terms of total thermal resistance becomes Where the R steel , R oxide and R gap (K/W) are the thermal resistances for the steel strip, the oxide and the gap zones resp. Equation (6) Where k steel , k oxide and k gap are the thermal conductivities for each component with corresponding thicknesses t steel , t oxide and t gap (m). The equivalent thermal conductivity, k eq is approximated as constant in each element where index i is correlated to the element numbers. The thermal conductivity for oxide has been investigated by different papers 2, 3, 6) and was reported to be approximately 3 W/m K and to be ca. 7-10 mm thick. To model the thermal properties of the gap zone i.e. k gap and t gap work performed by Yovanovich et al. 5) has been used in the current work and is summarised below by Eqs. (8)- (11) .
The gap conductivity is an approximated thermal conductivity for the zone where two adjacent surfaces are in contact with each other and is calculated by The non-dimensional distance called the relative separation distance, l, is introduced and is by definition the average separation distance between the surfaces, t gap , normalised by an effective absolute RMS surface roughness measure for both surfaces, s. Both the surface roughness and the asperity slope, m were suggested by Mikic et al. 4) for two surfaces brought into contact as ........... (9) Indexing denotes the individual surfaces in contact. In a coil situation it is not considered to be any variation of the surface quality along the strip whereas indexing in Eq. (9) not is of importance. According to Eq. (8) In this paper general parameters for hot rolled strip products has been used and are tabulated in Table 1 . The thermally reduced yield stress, S sf was assumed to be about 150 MPa.
The thermal gap conductivity and the average surface separation distance are plotted in Fig. 3 as a function of the radial stress. Investigations 2, 6) have reported that a radial stress spectrum of 10 to 50 MPa could be expected in the interior of a coil but between the most outward laps the stress approaches zero. The stress level has a strong effect on the temperature gradient but is difficult to verify by measurements. The contact pressure has throughout this work been approximated to be radial dependent but constant in time. The stress has been assumed to be zero at the outermost and innermost layers and linearly increased to- A comparison between the equivalent thermal conductivity according to Eq. (7) and the conductivity of the steel itself at a temperature of 700°C is shown in Fig. 5. 
Boundary Conditions
The coiling temperature in hot strip production generally is about 600-700°C. Heat flux predominantly takes place by radiation due to elevated temperatures. A radiation view factor equal to one can be used on the outward boundary but at the inward boundary the view factor has to be calculated since the net effect that leaves the surface is via radiation through in-and outlet of the bore. The calculated view factor at the inward boundary for two coils with different height, 1.1 m and 1.5 m but with the same bore diameter is shown in Fig. 6 . At SSAB:s plant in Borlänge the coil is placed with the bore in a vertical position after being released from the mandrel. Heated air close to the wall sides flow upwards re- placed by room tempered air from the bottom of the coil. This kind of natural convective heat loss exists both on inand outward surfaces. Convective heat loss depends of the orientation of the surface due to gravity effects and there exist several convection models. 10) This is accounted for by the dimensionless constant C in Eq. (13) which usually has a magnitude of 0.1-0.5. The model is described in 8, 11) where L (m) is the problem dependent length, k air the thermal conductivity of air and T s and T a the surface and ambient temperatures.
Experimental Work
Two measurement campaigns were performed, one for calibration and the other for validation of the developed model. Temperatures were measured at the interior and at the surfaces during cooling of the coils reheated in a bell furnace to 700°C. The campaigns were performed at two coils with equal geometries i.e. height, diameter but is differing in strip thickness, see Table 2 . Additional temperature measurements were made in the airstream rising from the bore and in the ambient air. The measurements on the coil with thinner material are used for calibration of the model and the thick one is used for validation of the model.
Measuring Temperatures on Coil with 0.0017 m
Strip Thickness On the thinner coil the thermocouples were mounted inbetween the individual wraps at radial and axial positions when the coil was re-coiled in a cold state, see Fig. 7 . Unfortunately, it was not possible to control the strip tension when recoiling. The surface temperatures were measured by pyrometers.
This campaign set-up altogether consisted of 12 temperature measurements. Six positions at the centre radius and four at an axial displaced radius, one in the ambient air and the final one positioned in the air stream rising from the bore.
Measuring Temperatures on Coil with 0.006 m
Strip Thickness The thicker coil was not possible re-coil strip and therefore the thermocouples were mounted into drilled holes of varying depths. On this coil, measurements were only performed at the centre height. The coil was welded at three locations shown in Fig. 8 , in order to prevent adjacent wraps from sliding and cutting the wires to the thermocouples. The surface temperatures were measured by thermocouples instead of pyrometers in this case.
The airstream temperature rising from the bore was measured by a thermocouple mounted into an isolated tube, vertically aligned 1 m above the bore upper exit, Fig. 9 . The tube was used to prevent the thermocouple from being affected by radiation and the diameter was chosen wide enough for enabling a free airflow through it.
The measurement of the heat flow up from the bore of the coil is important in order to approximate the convective Table 2 . Geometrical properties of coils used in the measurement campaigns. Fig. 6 . View factor at inward surface i.e. surface facing to bore, plotted against the normalised height of the coil for two strip widths.
lFig. 7.
Measuring locations, marked with numbers from 1-8. At inward and outward surfaces pyrometers were used. boundary condition at the inward surface correctly, the measured temperature is used as the ambient temperature prediction i.e. T a in Eq. (14). Figure 10 shows the measured temperature.
Results
As a calibration, cooling curves was computed for the first 24 h for the 1.7 mm coil and compared with measurements for the same. Comparisons were used to calibrate the pressure dependent conductivity for the heat transfer between the layers of the coil and the convective boundary conditions. It was found that contact pressure profile with its maximum of about 15 MPa gave a reasonable agreement, see the discussions in Sec. 2.2. The convective boundary conditions were calibrated separately for the four sides by manually tuning the constant C in Eq. (13) until a good agreement between the predicted and measured temperature was reached. The agreement between measurements and calculations in the eight measuring points labelled p1-p8 in Fig. 7 after calibration are shown in Figs. 
11-18.
The calibration worked well except for p2 in Fig. 12 and p5 in Fig. 15 .
As a validation, the cooling was then calculated by the tuned model for the 6 mm thick material with no correc- tions made to neither the boundary conditions nor the pressure parameters. The only parameter changed was the strip thickness, which affects the equivalent thermal conductivity described in Eq. (7). The calculated cooling curves were then compared with the measured ones at agreeing positions as where the thermocouples were mounted. The comparisons are shown in Figs. 19-21.
Discussions
Generally the model shows a good agreement between measured and predicted temperatures and the result is especially good in a shorter time range i.e. for times up to 10-12 h. A trend is that most of the calculations tend to deviate more by time. This could be an effect of the thermal dependency of the contact pressure or but can also be caused by deviations in the material specific thermal con- ductivity, Eq. (12). However it has not been possible to measure the contact pressure and a constant pressure profile was used with a magnitude based on results from earlier research 2, 6) though without a dependency on the axial coordinate. It is clear from these references that the pressure varies both spatially and in time. A thermo-mechanical coupled solution would likely therefore improve the accuracy. By introducing thermo-mechanical effects by nature also strip profile effects must be included.
6) The assumption of a constant stress profile in axial direction is unrealistic compared to real production where hot rolled strips usually are produced and coiled with a crown profile i.e. a small mid-thickness. Profile and flatness effects is certainly of importance for determination of the spatially varying pressure profile where crown-profiled strips likely will have an increased pressure in the centre of the coil and corresponding lower contact pressure at the edges and might in particular cases become so low that the contact is vanished. Another aspect in real process coiling which is influencing the contact pressure is when the tail-end of the strip is losing its contact with the mill. Then back tension in the strip is harder to attain with a resulting lower coiling tension for these last laps. In combination with boundary condition effects makes the outer laps of the coils, up to 1% of the total length, most exposed and must also in most cases be discarded due to disqualified mechanical properties. These effects are most palpable for HSLA steel grades due to a non-fulfilled precipitation hardening process.
Conclusions and Future Work
The validation of the developed model predicts the influence of strip thickness i.e. the number of thermal barriers in form of gap zones well despite of the relatively limited pressure approximation. The model showing a good capability of being used for studies of cooling rates and temperature histories influenced by e.g. initial temperature profiles, geometrical coil properties, boundary conditions and thermal property parameters. In Figs. 22 and 23 the strip thickness effect on the average cooling rates and temperature is represented.
A natural further enhancement of the model is to extend it with a structural model in order to solve the problem in a thermo-mechanically coupled manner. The major limitation of the model today is the lack of pressure calculations and a thermo-mechanical model extension would improve the prediction of the contact conditions in the gap zones over the discretised model area greatly. This improvement would also open for possibilities to include influences of coiler settings e.g. the coiler back tension and strip profile and flatness effects.
